A short computer program has been developed, for the step-by-step dynamic analysis of cables of cable-stayed bridges, connected to each other and possibly with the deck of the bridge, by very thin pretensioned cross-ties and subjected to variation of their axial forces due to traffic or to a variable wind force. A simplified SDOF model, approximating the fundamental vibration mode, is adopted for every individual cable. The geometric nonlinearity of the cables is taken into account by their geometric stiffness. Whereas, the material nonlinearities of the cross-ties include compressive loosening, tensile yielding and hysteresis stress-strain loops. Seven numerical experiments are performed. Based on them, it is observed that if two interconnected parallel cables have different dynamic characteristics e.g. different lengths, thus different masses, weights and geometric stiffnesses, too, or if one of them has a small additional mass, then a single pretensioned very thin wire, connecting them to each other and possibly with the deck of the bridge, proves effective in suppressing, by its hysteresis damping, the vibrations of the cables.
Introduction
The pretensioned cables of a cable-stayed bridge [1] , as they are very long, they exhibit, perpendicularly to their axis, a very small geometric stiffness, corresponding to their fundamental vibration mode. Also perpendicularly to their axis, they exhibit a very small damping due to internal friction. For the above reasons, they are often subjected to large amplitude vibrations. And, if the external excitation is approximately periodic, with a period close to a natural period of the cable e.g. the fundamental one, then resonance may happen, and vibration amplitudes increase excessively and are maintained, with no significant reduction, for a long time, unless special measures are taken. Two usual reasons for the above cable vibrations of cable-stayed bridges are the following: 1. Because of traffic, the ends of a cable, on pylon and deck, are subject to a variation of their displacements, thus the elongation and the axial force of the cable vary, which implies variation of its geometric stiffness, too, so variation of the sag of the cable. This vibration, due to variation of geometric stiffness, is called parametric excitation. 2. The successive pulses of a wind pressure exert a drag force, perpendicularly to the vertical plane of cables, at one side of the bridge. The variation of this drag force causes vibration of the cables.
In [2] , a complete description of the problem of cable vibrations of cable-stayed bridges is presented, as well as a state-of-the-art of various types of dampers for cable vibrations (viscous dampers, cross-ties and others), along with case studies of dampers on real bridges.
The viscous dampers, although widely mentioned in literature, present some problems: Usually, they are installed at the ends of a cable, where they are not very helpful; it seems that their main role is a slight reduction of cable's length, thus a slight increase of its geometric stiffness. Rarely, they are installed at intermediate points of a cable, where they are more helpful; however, this installation is difficult.
On the other hand, the cross-ties are preferable, for the following reasons: They are light and cheap; they are easily installed and pretensioned, and easily replaced when damaged. And a great advantage of them is that, although they are very thin, compared to the main cables, however, the axial elastic stiffness, of a single pretensioned cross-tie, is comparable in magnitude with the geometric stiffness of a main cable, along the same direction, perpendicularly to cable axis! Also, as the cross-ties are very thin, they are almost invisible, so they do not harm the aesthetics of the bridge.
For the above reasons, recently many researchers recommend the use of cross-ties to suppress large amplitude cable variations of cable-stayed bridges. In [2] [3] [4] , analytical studies are performed on cross-ties or hybrid systems consisting of viscous dampers and cross-ties.
Here, a simplified analytical method is proposed, in order to investigate the hysteresis damping effect of cross-ties, where, for every individual cable, a SDOF model is adopted, approximating its fundamental vibration mode. Te geometric nonlinearity of the cables is taken into account by their geometric stiffness. At same time, the proposed method is accurate, as it includes the material nonlinearities of the cross-ties, by their compressive loosening, tensile yielding, as well as hysteresis stress-strain loops.
A short computer program (only about 120 Fortran instructions), has been developed, for the step-by-step dynamic analysis [5] of isolated cables or couples of parallel cables, connected to each other and possibly with the deck of the bridge, by very thin pretensioned wires (cross-ties) and subjected to variation of the axial force of cables due to traffic or to successive pulses of wind drag force.
Seven numerical experiments are performed. And, based on them, observations are made on the effectiveness of a thin pretensioned very thin wire, connecting a couple of parallel cables of a cablestayed bridge, in suppressing, by its hysteresis damping, their large amplitude vibrations. Figure 1 shows a part of a typical cable-stayed bridge [1] with a pylon, a part of the deck, two couples of pretension parallel inclined cables at each side of the bridge, connected by their ends to the pylon and the deck, and two pretensioned very thin vertical in-plane cross-ties at two sides of bridge, which intend to suppress parametric vibration of cables due to traffic loads P, as well as two out-of-plane horizontal cross-ties, which intend to suppress cable vibrations due to wind forces W.
PROPOSED METHOD
In each one of the following applications, an isolated pretensioned cable or a couple of parallel pretensioned cables is considered and a thin pretensioned cross-tie connecting the midpoints of the cables to each other and possibly to the deck of bridge. External excitation is either variable displacements of supports due to traffic or successive pulses of a wind drag force.
By writing the geometric, constitutive, static and dynamic equations for the above structures an initial value problem is obtained. In order to solve this problem, the step-by-step time integration algorithm of trapezoidal rule is used [5] , combined with a predictor-corrector technique with two corrections per step. So, no solution of algebraic system is required within each step of the algorithm.
The accuracy criterion of the algorithm is [5] : ω max ∆t<0.5 rad or ∆t/T min <1/4π , 
Based on the proposed algorithm a very short computer program has been developed with only about 120 Fortran instructions. 
NUMERICAL EXPERIMENTS
The above mentioned computer program is used in the dynamic analysis of seven structures consisting of interconnected pretensioned main cables and cross-ties. In the first three applications (numerical experiments) external excitations are the variable support displacements due to traffic, whereas in the next four applications external excitations are the successive pulses of a wind drag force. In all the applications, the excitation period is taken equal to the fundamental period of the structure, so that to cause resonance. 1. In the first application, an isolated cable, subjected to variable support displacements, due to traffic, is considered. It is observed, in the output, that, as this parametric excitation lasts, the vibration amplitude monotonically increases. And after the end of the excitation, it remains constant. 2. In the second application, a couple of parallel main cables with not equal lengths are considered, with a very thin cross-tie interconnecting their midpoints. The supports of the cables are subjected to variable support displacements due to traffic. It is observed, in the output, that the hysteresis damping of the cross-ties gradually and significantly reduces the vibration amplitudes of the main cables. 3. The third application is illustrated in fig.2 and refers to a couple of parallel main cables with a very thin cross-tie connected with their mid-points as well as with the deck of the bridge. The supports of the main cables are subjected to variable displacements, due to traffic. It is observed, in the output, a further reduction of vibration amplitudes of the cables, compared to the previous application, due to the hysteresis damping of the cross-ties.
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4. In the fourth application, an isolated cable is subjected to successive pulses of a wind drag force. As long the wind lasts, the vibration amplitudes monotonically increase and then they remain constant. 5. In the fifth application two parallel cables, with equal lengths, are considered with a very thin cross-tie connecting their midpoints. The structure is subjected to periodic wind force. The only advantage of this arrangement is that the half vibration amplitude is gradually transferred to the second main cable. 6. By adding in the structure of the previous application, two couples of X-shaped diagonal crossties, with about three times larger cross-section diameters than those of previous cross-ties, the structure of the sixth application is obtained. It is observed, in the output, a very slight further reduction of vibration amplitudes, due to the additional diagonal cross-ties. 7. Finally, by adding, in the structure of the fifth application, a small mass at the midpoint of the one of the two parallel cables, the structure of the seventh application is obtained, which is illustrated in fig.3 . It is observed, in the output, that the vibration amplitudes are significantly reduced, due to the non-symmetric additional mass. 
